A new mutant of Bacillus subtilis defective in the outgrowth phase of spore germination has been isolated. When incubated at 46 C, the spores of the mutant gave rise to abnormally largepswollen cells. Genetic crosses show that the mutant is different from the three previously described. The genetic analysis indicates two regions of the B. subtilis chromosome involved in the control of the spore outgrowth.
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A useful approach to the study of spore germination is the genetic and biochemical analysis of conditional mutants blocked in different stages of the process. This approach should permit one to distinguish the different steps of the germination program. Bucillus subtilis offers one of the best systems for the purpose, thanks to the possibility of genetic analysis through transformation and transduction and to the wealth of information accumulating on the macromolecular syntheses of this organism. Mutants of B. subtilis temperature sensitive in the outgrowth phase of spore germination have been described (2, 3) .
This study describes the properties of a new mutant and the genetic analysis of the four mutants so far isolated (3).
MATERIALS AND METHODS Bacteria. The strains of B. subtilis used are listed in Table 1. Media. Spizizen minimal medium (9) was used to prepare competent cells. Medium Y (12) was used for phage PBS-1 absortion. Penassay broth (antibiotic medium, Difco) and tryptose blood agar base (Difco) were used in transduction experiments. The minimal medium was that described by Davis and Mingioli (1) . PS medium (8) or nutrient agar (Difco), containing 10-5M MnCl2, were used for sporulation.
Radioactive chemicals. 5'-Bromo-2'-[6-3H]deoxyuridine, with specific activity of 728 mCi/mM, was from the Radiochemical Center, Amersham. Urografin gradients. Preformed continuous gradients of Urografin (Schelabor, Milan) were prepared as described (3) .
Enrichment and isolation of thermosensitive mutants. The spores from a mutagenized culture of PB 920 were prepared as described (3) . To enrich for mutants thermosensitive in the germination process (ts-Gsp), the spores were suspended, at a concentration of 3 x 107 per ml, in minimal medium supplemented with 0.5% glucose, 0.1% Casamino Acids (Difco), adenine and uracil (10 jig/ml each), and methionine, leucine, and alanine (50 ;sg/ml each).
After incubation at 46 C for 180 min, portions of the suspension were put on the top of continuous Urografin gradients and fractionated by centrifugation. The fractions with a density higher than 1.25 g/cm3 were collected, washed free from Urografin, and plated on PS agar containing 10-5M MnCl2. The plates were incubated at 35 C until sporulation. The isolation of the mutants was as described (3) .
Preparation and heat activation of spores, growth curves, and transformation. These processes have been described previously (3) .
Transduction. Transduction experiments were performed with phage PBS-1 (10) . For the preparation of transducing lysates, we used the procedure of Hoch et al. (5) . For plating and transduction, the method of Takahashi (10) was followed. Recombinants were selected by plating on appropriately supplemented minimal media and the plates were incubated at 35 C. Single colony isolates were obtained from the transductants colonies, which were scored for the cotransfer of thermosensitivity markers as follows. The isolates were streaked on nutrient agar. After sporulation, the streaks were exposed to chloroform vapors and then replicated on nutrient agar plates. The replicas were incubated at 46 and 35 C. After 8 h, the streaks were scored for ability to germinate. The inability to germinate at 46 C would mean cotransduction of the ts-Gsp mutation with the selective marker. Erythromycin resistance was tested by streaking the colonies on Penassay agar supplemented with 2 uig of the antibiotic per ml. Resistance to fluorouracil was assayed on minimal agar plates containing 1 ,ug of the inhibitor per ml.
Linkage relationship and map distances. Location of ts-Gsp mutations was determined by testing for their cotransduction with biochemical markers. The map distances were calculated according to Nester and Lederberg (6) . a Symbols: ade, leu, met, his, trp, cys, ura, and arg are requirements, respectively, for adenine, leucine, methionine, histidine, tryptophan, cysteine, uracil and arginine; ery and fur for resistance to erythromycin and fluorouracil, respectively. b ts-Gsp, Thermosensitive in spore germination. Designation of the phenotype is according to Young and Wilson (12) .
c Arrow indicates that a strain was constructed by DNA transformation (tf) at saturating DNA concentration.
Deoxyribonucleic acid (DNA) synthesis. Heatactivated spores were suspended, at a concentration of about 3 x 107 per ml, in 15 ml of nutrient broth supplemented with 0.5% glucose, 50,gg of adenine per ml and [8HJbromodeoxyuridine (3.3 MCi/ml). At intervals, 0.3-ml samples were removed for optical density readings, and 0.2-ml samples were treated with 0.8 N NaOH at 37 C overnight. The samples were then neutralized, precipitated with 0.5 ml of cold 50% trichloroacetic acid, filtered through glass fiber filters (Whatman, GF/C, 2.5 cm), and washed four times with 5 ml of cold 5% trichloroacetic acid, once with 15 ml of cold 0.2 N HCl, and once with 5 ml of cold ethanol. After drying, the radioactivity of the filters was measured with a Packard liquid scintillation counter. RESULTS
Physiological and biochemical characterization of the mutant PB 2410. By the procedures described above, one conditional mutant, PB 2410, was isolated. The spores of the mutant gave visible colonies when plated on nutrient agar at 35 C, but failed to do so at 46 C (efficiency of plating less than 5 x 10-'). On the other hand, log-phase vegetative cells, grown in nutrient broth, plated with higher than 50% efficiency at both temperatures.
The germination of the mutant strain PB 2410 shows a similar increase in turbidity as found with mutant strain PB 2388 in Fig. 1 of  reference 3 (Fig. la) . By microscopic observation, swollen forms were found at 46 C similar in appearance to those found with mutant PB 2388 in Fig. 2 of reference 3.
The defect does not concern sporulation: vegetative cells seeded on nutrient agar and incubated at 46 C for about 72 h produce a normal yield of spores. When tested for germination at both temperatures, they behaved like those obtained at 35 C, i.e., upon incubation at 35 C, rods were produced, whereas at 46 C spherical swollen cells appeared, confirming that the mutant is affected in some step of the outgrowth.
By a series of shift-up and shift-down experiments (3), following the morphology of the cells by microscopy, the temperature-sensitive event was located between 60 and 90 min of incubation of spores in nutrient broth. This time period was also confirmed by determining the efficiency of plating at 35 and 46 C at intervals during germination and outgrowth of spores incubated at 35 C: up to 60 min, the efficiency of plating at 46 C is reduced to 10-4; at 90 min it becomes 60%. As with the previously described mutants (3), we observed complete phenotypic repair of the damage by growing the spores in nutrient broth with 20% sucrose or 2% NaCl.
The ability to synthetize DNA was checked after the incorporation of alkali-stable, trichloroacetic acid-precipitable [8H ]bromodeoxyuridine. As shown in Fig. lb For mapping purposes, the cys-A14 locus was U / considered to be a single mutation (4, 7) . To determine more accurately the position of a ,the mutated loci, three-factor crosses were per-/ '
formed. Data are shown in Table 3 . The relative order of the mutations ts-Gsp-X / / IV-a4, ts-Gsp-IV-bl, and ts-Gsp-IV-cl was established by reciprocal three-factor crosses. The NI / /data are reported in is cys-A14-ery-Gsp-IV-cl -Gsp-IV-bl -Gsp-IVa4. These crosses also establish that PB 2406 and PB 2410 are genetically different. All the genetic data are summarized in Fig. 2 .
DISCUSSION
A new mutant of B. subtilis temperature sensitive in the outgrowth of the spores has been isolated. After incubation of the spores at 46 C, swollen cells are produced; the temperaturesensitive event takes place between 60 and 90 min from the beginning of germination. Normal germination is obtained by growing the spores in presence of 2% NaCl or 20% sucrose. DNA synthesis is not impaired at the nonpermissive temperature (46 C).
The mutation of this strain and those of the 113/224 (50%) ts-Gsp-IV-bl cysA 14 ts-Gsp-IV-cl cysA 14-Gsp-IV-cl 3b PB 2410 PB 2420
6/100 (6%) Gsp-IV-bl ts-Gsp-IV-cl cysA14 ts-Gsp-IV-bl a Cys+ transductants were selected and scored for temperature-sensitive germination. 
